Effect of altered arterial O2 tensions on muscle metabolism in dog skeletal muscle during fatiguing work. Am. J. Physiol. 251 (Cell Physiol. 20): C216C222, 1986.-These experiments were conducted to determine whether changes in arterial O2 tension are related to changes in muscle metabolism during fatiguing contractions. Arterial and venous circulation to the gastrocnemius muscle (n = 8) was isolated, and the Achilles tendon was attached to a force transducer.
arterial O2 tensions on muscle metabolism in dog skeletal muscle during fatiguing work. Am. J. Physiol. 251 (Cell Physiol. 20): C216C222, 1986 .-These experiments were conducted to determine whether changes in arterial O2 tension are related to changes in muscle metabolism during fatiguing contractions. Arterial and venous circulation to the gastrocnemius muscle (n = 8) was isolated, and the Achilles tendon was attached to a force transducer.
Each muscle was electrically stimulated through the sciatic nerve for three 2-min periods of fatiguing contractions separated by 8 min of rest. The arterial O2 tensions were altered for each work period (mean Pas = 44, 72, 391 Torr). Arterial and venous samples were drawn to measure lactate, O2 and CO, concentrations (Van Slyke analysis), and [H']. Muscle biopsies were taken to measure muscle [H'] (homogenate method) and lactate. Fatigue was evaluated as the decline in tension from peak initial tension. At the end of the contraction periods, values were significantly different (P < 0.05) between the low arterial O2 tension and the high for flow [84 t 6 (mean t SE) vs. 70 t 8 ml l 100 g-l l min-'1, muscle lactate contraction (44 t 10 vs. 26 t 4 mmol/kg dry wt), and lactate release (122 t 12 vs. 57 t 14 prnol. 100 8-l. min-l). O2 uptake and the rate of fatigue were not different among treatments during contractions.
Muscle [H+] increased (work [H'] minus rest [H']) to a significantly
greater extent during low arterial O2 tensions compared with high (P < 0.05). We conclude that alterations in arterial O2 tension during fatiguing contractions induce changes in blood and muscle acid-base status and in muscle metabolism that are independent of O2 uptake.
hyperoxia; hypoxia; hyperoxemia; hypoxemia; hydrogen ion concentration; oxygen uptake; lactate; lactate release; tension development; muscle blood flow THE MECHANISMS THAT CAUSE INCREASES in lactic acid production and the development of fatigue in contracting muscle remain incompletely understood. Although it is generally believed that the increases in lactic acid production that occur during work are a result of tissue hypoxia, there is some evidence that lactic acid production is not necessarily related to tissue hypoxia (5, 18, 22) . Whether increases in lactic acid production are associated with tissue hypoxia or not, there is strong evidence that during high-intensity work, fatigue is associated with the accumulation of lactic acid (9, 19, 28) . One of the methods used by researchers to investigate the relationship among tissue hypoxia, lactate accumulation, and fatigue during work has been to vary the fraction of O2 in the inspired air.
The rate of fatigue development is attenuated in human subjects when breathing hyperoxic gas mixtures (compared with normoxia) and is accelerated during mild hypoxia (1, 21), even though O2 uptake (Vo2) does not change. Adams and Welch (1) suggested that muscle or blood acid-base imbalances may be responsible for the changes measured in performance. These acid-base imbalances are caused in some manner by the alterations in arterial O2 tension that occur when breathing hyperoxic or mild hypoxic gas mixtures. However, there is little direct evidence that muscle metabolism and acidbase balance are affected when the arterial O2 tension is varied.
We used an in situ muscle model (in which muscle biopsies and arterial and venous blood samples could be obtained easily) to investigate the effect of varied arterial O2 tensions on muscle metabolism during fatiguing contractions. The purposes of this research were to determine 1) if changes in muscle acid-base balance occur when the arterial O2 tension is varied, 2) if changes in muscle acid-base balance occur independently of VO,, and 3) if changes in muscle acid-base balance may affect muscle performance during work with altered arterial O2 tensions.
METHODS
Eight adult mongrel dogs of either sex were anesthetized with 30 mg/kg pentobarbital sodium; maintenance doses were given as required. The dogs were intubated with an endotracheal tube whose cuff could be inflated to ensure a tight seal. Esophageal temperature was maintained near 37°C by use of a heating pad and heat lamp. After surgery, the animals were heparinized at a dosage of 1,500 U/kg. Surgery and setup. The gastrocnemius-flexor digitorum superficialis muscle complex, for convenience referred to as gastrocnemius in this report, was isolated as described previously (30). Briefly, a medial incision was made through the skin of the left hindlimb from midthigh to the ankle. The sartorius, gracilis, semitendinosus, and semimembranosus muscles, which overlie the gastrocnemius, were doubly ligated and cut between the ties. To isolate the venous outflow from the gastrocnemius, all vessels draining into the popliteal vein except for those from the gastrocnemius were ligated. Any other outflow vessels from the gastrocnemius not draining into the O2 TENSION AND MUSCLE METABOLISM C217 popliteal were also ligated. The arterial inflow was left intact. The popliteal vein was cannulated, and the venous outflow was returned to the animal via a jugular catheter. The sciatic nerve, which innervates the gastrocnemius, was doubly ligated and cut between ties. The right femoral artery was isolated and catheterized for obtaining arterial blood samples and for monitoring blood pressure. All exposed tissues were covered with saline-soaked gauze and a sheet of plastic to prevent cooling and drying.
After the muscle was surgically isolated, the Achilles tendon was attached to an isometric myograph (Statham 1360 transducer, t1.5 g full scale sensitivity) for monitoring tension development.
A spring balance was used to calibrate the tension myograph.
The hindlimb was fixed at the knee and ankle and attached to the myograph with struts to minimize movement. period, the resting muscle was passively stretched until a tension setting of 10 N was recorded. This ensured that the initial tension development was not affected by slippage in the system that might have occurred during the prior contraction period. This resting muscle length was slightly less than the optimal length at which the contractile response was greatest (this prevented any possible effects of overstretching).
Experimental protocol and measurements. Each experiment consisted of three contraction periods separated by 8 min of rest. Approximat.ely 15 min before the first contraction period, the muscle was given a warm-up at 0.5 Hz for 1 min to check the stability of the system. Each contraction period lasted for 2 min and was different only in the fraction of inspired OZ. During the 8min rest period preceding each contraction period, the dog breathed either a hypoxic, normoxic, or hyperoxic gas mixture (13 and 21% O2 in N, and 100% 02, respectively) . Each animal breathed the gases in a set, blocked order, so that the first six animals breathed all six possible orders of the three gases. The following two animals received the gases in reverse order, starting with either hypoxia or hyperoxia.
In this way, any ordering effect for the eight animals was minimized.
Arterial blood samples were obtained from the right femoral artery, and venous samples were obtained from the left popliteal vein as close to the gastrocnemius as possible. Arterial and venous blood samples were drawn anaerobically at the end of each rest period and at the end of each contraction period. At those times, venous flow measurements were taken by timed blood collections into a graduated cylinder. Blood samples for determination of 0, and CO2 concentrations were capped and placed on ice for a later Van Slyke manometric analysis. Lactate concentration was determined by a fluorometric modification of the method of Gutmann and Wahlefeld (12). Blood gases and pH were measured with a Radiometer blood gas analyzer (BMS3 MK2) at 37OC. A 5-mm muscle biopsy needle, inserted into the thickest section of the medial head of the gastrocnemius, was used to obtain muscle samples for lactate and [H+] . These samples were obtained at the end of each rest period and at 1.0-1.5 min into each contraction period. Immediately after the sample was taken, it was removed from the biopsy needle and frozen in liquid N,. This procedure took -5 s from the time the sample was excised to the time it was frozen. The sample was then divided into two portions.
The portion of muscle for lactate determination was kept frozen at -80°C for later analysis. At the time of analysis, the samples for muscle lactate were freezedried, and blood and connective tissue were separated from the muscle fibers. The lactate was then extracted according to the techniques of Harris et al. (13) and analyzed by a fluorometric modification of Gutmann and Wahlefeld (12). Values are reported as dry weight. The portion of muscle for pH determination was kept in liquid Nz and was analyzed within 8 h of each experiment. The frozen tissue was weighed and quickly homogenized according to the methods of Sahlin et al. (29) and Costill et al. (6) . The pH of the homogenate was measured with the pH electrode of a Radiometer blood gas analyzer (BMS3 MK2) at 37°C.
Statistics. Three-way analysis of variance was used for the statistical analysis. Duncan's multiple range test was used to determine where differences occurred. Standard correlation statistics were run on several variables to determine their relationship.
In all statistical analyses, the 0.05 level of significance was used.
RESULTS
Mean weight of the gastrocnemius muscle in the eight animals used in this research was 98 t 9 g (mean t SE). Table 1 summarizes the results of data on which no statistical analyses were performed. Resting values represent mean values obtained from all rest data collected before the three contractile periods. Breathing the different fractions of O2 resulted in different values for arterial PO, during the rest periods that were maintained through each contraction period. Table 2 summarizes some of the data on which statistical analyses were performed. There were significant differences (P < 0.05) at rest among the three treatments Fig. 1 . O2 uptake was not significantly different (P = 0.9) among the treatments during the contraction periods, with values of 107 t 6 ml. kg-' l min-' during hypoxia, 106 t 10 during normoxia, and 102 t 10 during hyperoxia.
The mean values for flow through the muscle at rest and during work are summarized in Fig. 2 . There was a significant difference (P < 0.05) between flow during the hypoxic treatment (84 t 6 ml l 100 g-l l min-') and the hyperoxic treatment (70 t 8). Figure 3 Cao,, ml/100 ml* Cvo,, ml/100 ml* a-v 02, ml/100 ml* Caco,, ml/100 ml* Cvco,, ml/100 ml* a-v COs, ml/100 ml* Pao,, Torr Pvo,, Torr in arterial and venous [H+] , with hyperoxia associated with a slight arterial acidosis (pH = 7.33) compared with hypoxia (pH = 7.41). There was no effect of the altered arterial O2 tensions on the initial force development of the muscle in a work period (245 N/100 g during hypoxia, 242 during normoxia, and 239 during hyperoxia). Complete recovery of tension development usually occurred between stimulation bouts. There were no significant differences (as measured by the % decline in tension from peak tension during the 2min work period) among the treatments in the rate of fatigue development ( greater extent (P = 0.04) during hypoxia (28 t 6 nM) than during hyperoxia (16 t 6). Figure 4 indicates that MLa during contractions was significantly greater (P = 0.04) during the hypoxic treatment (44 t 10 mmol/kg dry wt) than during the hyperoxic (26 t 4).
Release of lactate into the blood was also significantly different (P < 0.01) between hypoxia (122 t 12 prnol. 100 g-l . min-') and hyperoxia (57 t l4), as indicated in Fig. 5 .
The AMLa and ALa (work value minus rest value) were also significantly different (P = 0.04; P = 0.03) between hypoxia and hyperoxia. The correlation between MLa and muscle [H+] was 0.66, which was significant (P < O.Ol), and the correlation between MLa and La was 0.55, which was also significant (P < 0.01). Table 3 presents the relationship between MLa and venous blood lactate concentration.
DISCUSSION
This investigation examined the effect of alterations in arterial 02 tension on muscle metabolism and performance during fatiguing contractions in in situ skeletal muscle. The results demonstrated that even when muscle Voz is not changed, altered arterial O2 tensions cause changes in muscle acid-base balance. However, with the data collected during this investigation, the differences in muscle metabolism that were a result of the alterations in arterial 02 tension could not be related to changes in muscle performance.
These data provide further evidence that the control of lactic acid production is not related simply to the degree of tissue oxygenation. Several investigators have demonstrated that lactic acid production occurs in contracting muscle even during conditions when oxygenation is adequate (5, 22) . We found different rates of lactic acid production even though Voz and O2 delivery did not vary among treatments. It seems that the Po2 of the blood perfusing the contracting muscle has an effect on muscle metabolism that is independent of VO,. Alterations in muscle acid-base balance have been linked to fatigue during high-intensity work (9, 18, 28, 34) . The [H+] in working muscle can change from a resting pH of -7.0 to as low as 6.4 (14,29). The increases in intracellular H+ that accompany intense work may lead to fatigue by influencing 1) several of the ratelimiting steps of glycolysis (4, 7), 2) the activation of the contractile proteins by Ca2+ (8, lo), and 3) the release and uptake of Ca2+ by the sarcoplasmic reticulum (826). Adams and Welch (1) suggested that the changes observed in muscle performance during mild hypoxia (decreased performance) and hyperoxia (increased performance) may be a result of changes in muscle acidbase balance (increased lactate and H+ during mild hypoxia and decreased lactate and H+ during hyperoxia). However, virtually all of the studies that have investigated performance during mild hypoxia or hyperoxia have only reported changes in the acid-base status of the blood. These observations have been used as estimates of muscle acid-base changes. Linnarsson et al. (24), using hypobaric hypoxia and hyperbaric hyperoxia, measured intramuscular lactate and found significant differences (increasing as the Po2 of the inspired air decreased) after 4 min of submaximal work. Our investigation confirms that mild hypoxia and hyperoxia do cause changes in intramuscular lactate accumulation (and adds new data concerning muscle H+ changes), which may explain the source of the blood acid-base changes observed in previous studies.
The three gas mixtures used in this research resulted in altered arterial 0, tensions (identified as hypoxemic, control, and hyperoxemic conditions) that were maintained through each work period (Table 1) . There is no indication in these data that the altered arterial 0, tensions affected fatigue during the conditions of this study. However, the 2-min time period for the measurement of tension may have been too short to observe changes in the rate of fatigue caused by the treatments. Barclay et al. (3) , using the same muscle preparation as this research, demonstrated less fatigue during a 15min period in muscle perfused with hyperoxemic blood compared with controls. Dog gastrocnemius has no fasttwitch glycolytic (FG) fibers (25), so high-intensity work for 2 min may be of too short a duration to observe changes in fatigue characteristics when the arterial O2 tension is altered. It is also possible that the force parameter used to estimate fatigue (decline in force output at subfusion frequencies)
did not reflect a difference that may have existed among treatments in peak tensiongenerating capacity.
O2 uptake was not significantly different ( Fig. 1 ) among hypoxemia, control, and hyperoxemia groups during the contraction periods because of flow compensations. Flow was significantly elevated during hypoxemia compared with hyperoxemia (Fig. 2) . This compensation resulted in a calculated 0, delivery to the contracting muscle that was similar among the treatments (13.9 t 3.3 ml 02. 100 g-l l min-l, 14.0 t 2.8, and 14.0 t 3.1 during hypoxemia, control, and hyperoxemia, respectively). This effect of altered O2 tension on flow through contracting muscle has been demonstrated previously (32) This investigation is the first to report muscle [H+] in contracting muscle when the arterial O2 tension is varied. The values at rest during this investigation [lo0 nM (pH = 7.00) during hypoxemia, 96 (7.02) during control, and 100 (7.00) during hyperoxemia] closely match resting mammalian muscle values obtained by other investigators using the homogenate (4, 6, 14, 29) , 5,5dimethyl-oxazolidine-2,4-dione (DMO) (II), microelectrode (Z), and nuclear magnetic resonance (NMR) techniques (34). The rise in muscle [H+] that occurred during contractions in this investigation was not as great as some other researchers have reported during fatiguing contractions (14, 29) . This may be a result of the fact that dog gastrocnemius lacks FG fibers (25) or that the contractile activity was not of sufficient intensity to achieve drastic acid-base changes. However, the increase in muscle [H+] from rest to work (AH') was significantly greater during hypoxemia compared with hyperoxemia (increase in hypoxemia = 28 nM, hyperoxemia = 16). Wilson et al. (34) recently reported that muscle pH (NMR technique) declined to a greater extent in arm muscle during moderate contractions in patients with limb blood flow impairment (a hypoxic stress) when compared with controls.
The response of MLa (Fig. 4) to the altered arterial O2 tensions was similar and was positively correlated (P c 0.01) with the muscle [H+] changes. The increased MLa associated with hypoxemia compared with hyperoxemia at similar Vo2 has been previously demonstrated by Linnarsson et al. (24) . The changes in MLa caused by the altered arterial O2 tensions led to significant differences in La (Fig. 5) . The elevated MLa during hypoxemia produced an elevated La, and the opposite was true during hyperoxemia.
These data confirm that the changes in blood acid-base balance that have been demonstrated previously (1, 18-21) during hypoxic or hyperoxic work are in part a result of changes in the working muscle metabolism.
The amount of lactate produced by the muscle (MLa plus the total amount of lactate released, after subtracting resting values; Table 2 ) also demonstrated the effect of altered arterial 02 tensions on muscle metabolism. Nearly 2.5 times more lactate was produced during hypoxemia compared with hyperoxemia.
The data presented in Table 3 demonstrate that the concentration of lactate in the muscle is greater per liter of tissue H20 than the concentration of lactate in the blood, indicating, as has been previously demonstrated (16), that there is some barrier to the efflux of lactate from the cell. However, since only blood lactate and not plasma lactate concentrations were measured, the specific relationship between MLa and the efflux of lactate cannot be determined for each of these treatments.
The efflux of free H+ from the muscle is a much more complicated matter to analyze than lactate efflux. H+ and HCO; are dependent variables that are determined by the interaction of the independent variables Pco~, net strong ion difference, and total weak acid (mostly protein) (31). Although the effect of H+ on muscle metabolism and contractile properties is likely to be important, (17, 30) that much of the MLa produced during work occurs at the onset of work, before the aerobic components of the muscle have had time to become completely activated. If this activation time is altered (increased during hypoxia and decreased during hyperoxia), then this would affect the amount of muscle lactate and H+ produced. However, differences in blood lactate during hypoxic and hyperoxic exercise are probably not solely attributable to different Vo2 transients (18, 20) . It is more likely that there is some direct effect of arterial 0, tension on glycolysis. Research using red blood cells (27), which have no oxidative enzymes, has also shown a direct effect of O2 .s study demonstrate that alterations in arterial O2 tension can affect muscle metabolism without affecting Vo2. When arterial O2 tension is lowered, more lactate is produced by the muscle, and H+ levels in the muscle increase significantly above the levels seen when the arterial O2 tension is increased. Numerous investigators have implicated lactate and H+ accumulation with the development of fatigue during heavy work. Although this investigation was not able to causally relate fatigue and acid-base imbalances, it is likely that this is a mechanism by which hypoxia and hyperoxia affect performance. 
